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Apoptosisclassical nucleocytoplasmic transport of nuclear proteins. Here, we report that
importin-α is cleaved by caspases during apoptosis, generating importin-α lacking an IBB domain. This
truncated importin-α binds tightly to the MCM replication licensing factor and, thus, prevents its binding to
chromatin and downregulates DNA synthesis. Together, our data reveal for the ﬁrst time that a dying cell
effectively salvages limited supplies of cellular energy to ensure an orderly process of its own demise by
simultaneously downregulating nucleocytoplasmic protein transport and DNA synthesis. Strikingly, cells can
achieve this multi-task process by simply cleaving-off a key nuclear import protein.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Protein nucleocytoplasmic transport in eukaryotic cells is inti-
mately related to the regulation of cellular functions in the nucleus,
and importin-α and -β are critical players for this process [17,28,38].
The role of importin-α is particularly important, since its binding to a
cargo protein containing a nuclear localization sequence (NLS)
initiates the entire nuclear import process [12,33].
Importin-α consists of three domains. The importin-β-binding (IBB)
domain at the N-terminus is required for binding to importin-β [10,37],
and the central domain is required for binding to anNLS of cargo proteins
[32]. The C-terminal domain is necessary for the export of importin-α
back into the cytoplasm through its binding to cellular apoptosis
susceptibility (CAS) protein [14,24]. When importin-α is not associated
with a cargo protein, its IBB domain binds internally to the NLS-binding
site, maintaining a “closed” conformation. When importin-α binds to a
cargo protein through an NLS, the “freed” IBB domain binds to importin-
β, facilitating the nuclear import of the entire protein complex
[4,9,13,22,32]. It was previously shown that an importin-α protein with
a certain mutation within its IBB domain could not release the cargo
proteins, even in the presence of importin-β and Ran-GTP [4,13].ortheastern Ontario Regional
anada P3E 5J1. Tel.: +1705 522
d.ca (H. Lee).
l rights reserved.Several recent studies suggest that nuclear import is impaired
during apoptosis by caspase-dependent degradation of nucleoporins
or integral pore membrane proteins [5,18]. However, whether or how
nuclear transport is regulated during apoptosis is not yet known. Here,
we report that the IBB domain of importin-α is cleaved-off during
apoptosis in a caspase-dependent manner. This cleavage of the IBB
domain can prevent protein nucleocytoplasmic transport during
apoptosis. Interestingly, importin-α lacking an IBB domain (impor-
tin-α(ΔIBB)) binds strongly to the MCM replication licensing factor,
resulting in decreased binding of MCM proteins to chromatin, which
in turn, downregulates DNA synthesis during apoptosis.
2. Materials and methods
2.1. Cell culture, transfection, and cell viability assay
HeLa and CHO cell culture and transfection methods were as
described previously [19]. Cell viability was measured by incubating
the cells with MTT (0.5 mg/ml, Sigma) according to manufacturer's
speciﬁcations.
2.2. Plasmid constructs
A full-length cDNA encoding human importin-α2was ampliﬁed by
PCR using the pQE70-importin-α2 template [11] and cloned into the
Bam HI-Eco RI site of pCMV-Tag 2B vector (Stratagene). To generate an
IBB-deletion construct, the segment encoding amino acids from 59 to
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Bam HI-Eco RI site of pCMV-Tag 2B vector. pQE70-importin-α2(ΔIBB)
was described previously [20,31]. pCMV-Tag-importin-α2(D58A) was
generated by PCR-based site-directed mutagenesis using Pfu DNA
polymerase (Stratagene).
2.3. Antibodies and reagents
Antibodies used are as follows: Anti-importin-α5 (C-20),
-importin-β (C-19), -PCNA (PC10), and -MCM2 (N-19) antibodies
were from Santa Cruz (Santa Cruz, CA); anti-importin-α3 and
-importin-α4 antibodies from IMGENEX (San Diego, CA); anti-
importin-α2 and -PARP (poly (ADP-ribose) polymerase) antibodies
from BD Biosciences; anti-His-tag and -caspase-3 antibodies from Cell
Signaling (Danvers, MA); anti-Flag and -actin antibodies from Sigma;
and anti-ORC2 antibody from Stressgen (Ann Arbor, MI). z-DEVD-FMK
and z-VAD-FMK were from Calbiochem (Gibbstown, NJ). Etoposide
was purchased from Novopharm Pharmaceuticals (Toronto, ON,
Canada).
2.4. Co-immunoprecipitation
Primary antibodies were immobilized and cross-linked to the
Dynabeads protein A/G beads according to the manufacturer's
instruction (Invitrogen). Immobilized antibodies were incubated
with HeLa cell extracts overnight at 4 °C, washed, and bound proteins
were eluted with Elution buffer (2% SDS and 80 mM Tris–HCl, pH 6.8).
2.5. Cell fractionation and indirect immunostaining
Cell fractionation was carried out using a Nuclear Complex Co-IP
Kit (Active Motif, Carlsbad, CA) according to the manufacturer's
protocol. Immunostaining was carried out as described previously
[19].
2.6. In vivo DNA replication analysis
In vivo DNA replication assays were carried out using the
ﬂuorescein-12-dUTP thymidine analogue (Roche) as described pre-
viously [29]. Brieﬂy, cells grown on a glass coverslip were fed for 2 h
with ﬂuorescein-12-dUTP at a ﬁnal concentration of 10 μM in the
presence of Lipofectamine in serum-free medium. Cells were then
further incubated for 2 h in medium supplemented with 10% fetal
bovine serum, followed by ﬁxation with 100% methanol for 10 min at
−20 °C.
2.7. Protein puriﬁcation and in vitro binding assay
Recombinant His-tagged importin-α(ΔIBB) proteins were puriﬁed
as described previously [11,24]. HeLa cell extracts (see Section 2.9)
were incubated for 1 h at 37 °C with His-tagged importin-α(ΔIBB).
Subsequently, BD TALON metal afﬁnity resins (BD Biosciences) were
added to the reaction to pull-down His-tagged importin-α(ΔIBB)
proteins. Beads were then washed with PBST (PBS plus 0.01% Triton-
X100), and bound proteins were analyzed by SDS-PAGE-Western
blotting.
2.8. Association of MCM proteins with plasmid DNA
The loadingofMCMproteinsonto linearizedplasmidDNAwas carried
out as described previously [8]. To generate linearizedDNA conjugated to
Dynabeads, a 2139-bp segment of pEPI-1 plasmid containing an ori was
ampliﬁed using biotin-labeled synthetic oligonucleotides (5′-biotin
CATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATG-
GACGAGCTGTACAAG 3′ and 5′ CTACAAATGTGGTATGGCTG 3′). The
biotinylated PCR products were puriﬁed using a PCR clean-up kit(Sigma), and then immobilized onto Dynabeads M-280 Streptavidin
(Invitrogen) by incubating them overnight with rotation at room
temperature in 480 μl ﬁnal volume of Buffer A (2 M NaCl, 10 mM Tris–
HCl [pH7.5], and 1mMEDTA). TheDNA-bead complexwaswashed three
timeswith Buffer A using amagnetic rack (Promega). Loading of proteins
onto DNA was carried out by incubating 600 ng of the DNA-beads in
Buffer A for 1 h at 37 °C with 20 μg of HeLa cell extracts in Buffer B
(150 mM NaCl, 20 mM HEPES, 5 mM MgCl2, 0.01% NP-40), followed by
three washes with Buffer B.
2.9. In vitro DNA replication analysis
Replication assays were carried out using pEPI-1 plasmid as
described previously [1,35] with minor modiﬁcations. The complete
reaction solution contained 10 μl of HeLa cell extracts (100 μg proteins)
and template plasmids (1 μg) in buffer containing 30 mM HEPES (pH
7.5), 7 mM MgCl2, 20 mM potassium glutamate, 4 mM ATP, 100 μM
CTP, 100 μM UTP, 100 μM GTP, 26 μM dATP, 17 μM dTTP, 26 μM dGTP,
26 μM dCTP, 9 μM tetramethylrhodamine-5-dUTP (Roche), 40 mM
phosphocreatine, and 100 μg/ml creatine phosphokinase. Reaction
was carried out at 37 °C for 1 h, and then stopped by adding proteinase
K. Subsequently, plasmid DNAwas isolated from the reaction solution
using a PCR clean-up kit, and the incorporated rhodamine-dUTP into
DNA was measured using a Multimode Detector DTX880 (Beckman
Coulter). HeLa cell extracts were incubated with recombinant proteins
for 20 min at 4 °C prior to adding them to the complete reaction
solution.
3. Results and discussion
3.1. The IBB domain is cleaved-off from importin-α during DNA
damage-induced apoptosis
Since importin-α plays a key role in protein nuclear import, we
hypothesized that inactivation of this protein could be an effectiveway
to simultaneously downregulate many different nuclear functions
during apoptosis. As shown in Fig. 1A, importin-α2, 3, 4 and 5 were
cleavedduring etoposide-mediated apoptosis inHeLa cells. In contrast,
importin-β was not cleaved under the same conditions (Fig. 1A). The
sizes of the major cleavage products of the importin-α proteins were
∼10 kDa smaller than wild type (Fig. 1A). Since the antibodies used in
this study recognized the C-terminus of the importin-α protein family,
the cleavages must have occurred at the N-terminus of importin-α. To
further conﬁrm these results, we transfected CHO cells with the Flag-
importin-α2 construct, and were then treated with etoposide.
Western blot analysis showed that the cleavage product was not
detected by an anti-Flag antibody (Supplementary Fig. 1, upper panel),
but was detected by an anti-importin-α2 antibody (Supplementary
Fig. 1, lower panel). Since a Flag-tag was fused to the N-terminus of
importin-α2, an anti-Flag antibody should recognize the N-terminus
of Flag-tagged importin-α2. Therefore, the data in Fig. 1A and
Supplementary Fig. 1 demonstrate that cleavage occurs at the N-
terminus of importin-α proteins during apoptosis.
Analysis of amino acid sequence in the context of the importin-α
cleavage pattern led us to hypothesize that the cleavage sites would be
located within the variable region of importin-α proteins (Fig. 1B). It is
known that caspases speciﬁcally recognize and cleave substrates at
tetra-amino acids that end with an aspartic acid [6]. Analysis of the
sequence within the variable region of importin-α proteins revealed
several potential caspase cleavage sites, including SFPD-58 (importin-
α2), ASSD-83 (-α3), ATSD-83 (-α4) and ITSD-86 (-α5). Among these
sequences, the SFPD was previously conﬁrmed as a caspase cleavage
site in GRASP65 protein [27]. To determine whether the importin-α2
SFPD-58 is cleaved by a caspase in response to etoposide, we
generated a point mutation by substituting Asp-58 with an alanine.
We then examined the cleavage of importin-α2 wild type and -α2
Fig. 2. MCM2 is co-immunoprecipitated with importin-α(ΔIBB) during apoptosis. (A)
Importin-α2 or (B) importin-α3, 4 and 5 from HeLa cells treated with DMSO (control)
(lanes 1 and 4) or etoposide (lanes 2 and 5, 20 μg/ml; lanes 3 and 6, 40 μg/ml) for 12 h
were immunoprecipitated with anti-importin-α antibodies. Bound (lanes 1–3) and
total input (lanes 4–6) proteins were analyzed by SDS-PAGE-Western blotting with
antibodies generated against proteins listed to the left of the panels. (C) Extracts from
CHO cells expressing Flag-importin-α2 or Flag-importin-α2(ΔIBB) were immunopre-
cipitated with anti-Flag antibodies. The bound and total input proteins were analyzed
by SDS-PAGE-Western blotting with antibodies generated against proteins listed. (D)
CHO cells grown on a coverslip were transfected with a Flag-importin-α2(ΔIBB)
construct. After 12 h incubation, Flag-importin-α2(ΔIBB) and endogenous MCM2
proteins were visualized by immunostaining with anti-Flag or -MCM2 antibodies
(panels ΔIBB and MCM2, respectively). Hoechst dye was used to stain nuclei.
Fig. 1. The N-terminus is cleaved-off from importin-α during apoptosis. (A) HeLa cells
were treated for 12 h with etoposide (Etop) at 20 μg/ml (lane 2) or 40 μg/ml (lane 3),
followed by SDS-PAGE-Western blotting with antibodies against proteins listed to the
left of panels. The arrowheads and arrow indicate cleavage products of importin-α and
PARP, respectively. ΔIBB denotes importin-α(ΔIBB); α, importin-α; β, importin-β; and
casp, caspase. (B) A schematic diagram of importin-α2 protein domains. (C) SFPD-58 is
the cleavage site of importin-α2. CHO cells were transfected with importin-α2 wild
type or D58Amutant construct for 24 h. The cleavage of importin-α2was analyzed after
cells were treated with DMSO (control, lanes 1 and 4) or etoposide (lanes 2 and 5, 20 μg/
ml; lanes 3 and 6, 40 μg/ml) for 12 h. (D) Cleavage of importin-α is mediated by a
caspase. HeLa cells were preincubatedwith or without caspase inhibitors for 2 h prior to
etoposide treatment (10 μg/ml) for 12 h, followed by SDS-PAGE-Western blotting.
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should be noted that the anti-importin-α2 antibody used does not
recognize Chinese hamster importin-α2 (data not shown). As shown
in Fig. 1C, the importin-α2(D58A)mutant was not cleaved (lanes 1–3).
In contrast, a signiﬁcant portion of importin-α2 wild type was cleaved
by 12 h post-etoposide treatment, suggesting SFPD-58 of importin-α2
is the caspase-mediated cleavage site (Fig. 1C, lanes 5 and 6).
PARP and caspase-3 were also cleaved under the same conditions
(Fig. 1A), suggesting that caspase-mediated apoptosis was activated.
Therefore, we examined whether importin-α cleavage is dependent
upon caspase activation. We found that the etoposide-induced cleavage
of importin-α was inhibited by z-DEVD-FMK and z-VAD-FMK caspase
inhibitors (Fig.1D and Supplementary Fig. 2). We thus conclude that the
cleavage of importin-α is mediated by a caspase during apoptosis.
Together, our data demonstrates that a caspase cleaves importin-α
proteins at the variable region during apoptosis and thus, generates a
truncated importin-α lacking the entire IBB domain. Given that the
IBB domain is critical for nuclear import by the importin-α/-β
complex, our data raise the possibility that protein nucleocytoplasmic
transport is downregulated during apoptosis through caspase-
mediated cleave-off of the importin-α IBB domain.
3.2. Importin-α(ΔIBB) binds strongly to MCM2 during apoptosis
The IBB domain binds internally to the NLS-binding site when
importin-α is not associated with a cargo protein, preventing theinteraction between free importin-α and -β through the IBB domain.
Therefore, the elimination of the IBB domain by caspase-mediated
cleavage may have profound effects on the normal functions of
nuclear proteins whose nuclear import is dependent upon importin-
α. To gain insights into this aspect, we examined proteins that are co-
immunoprecipitated with importin-α in the presence or absence of
etoposide. We found that MCM2 protein was one of the major
importin-α-binding proteins in the cells treated with etoposide, but
not in the untreated control (Fig. 2A and B). This result, combined with
data shown in Fig. 1 suggests that the truncated importin-α(ΔIBB), but
not the wild-type, binds strongly to MCM2 in cells undergoing
apoptosis. To conﬁrm this conclusion, we examined if exogenously
expressed importin-α(ΔIBB) could interact with MCM2. Cell extracts
prepared from CHO cells transfected with either Flag-tagged wild-
type importin-α2 or importin-α2(ΔIBB) were immunoprecipitated
with anti-Flag antibodies, followed by Western blotting with
antibodies against MCM2 or Flag. As shown in Fig. 2C, MCM2 proteins
were bound to importin-α2(ΔIBB), but not wild-type importin-α.
Within theMCM family, onlyMCM2 and 3 contain NLS [34]. Therefore,
it was suggested previously that MCM2 and 3 mediate the nuclear
import of the entire MCM complex [34]. To our surprise, however, our
data demonstrates that MCM2 does not co-precipitate with wild-type
importin-α, suggesting that the putative NLS sequences of MCM2 are
not functional (Fig. 2A–C). In contrast, MCM3was co-precipitatedwith
both wild-type importin-α2 and importin-α2(ΔIBB), although the
afﬁnity of MCM3 for wild type was not very strong (Supplementary
Fig. 3). Unexpectedly, the co-immunoprecipitation pattern of MCM7
with both wild-type importin-α2 and importin-α2(ΔIBB) was very
similar to that of MCM3 (Supplementary Fig. 3).
The immunoprecipitation patterns of MCM2, 3 and 7 with wild-
type importin-α2 and importin-α2(ΔIBB) (Fig. 2 and Supplementary
Fig. 3) suggest that MCM3 and 7 may be responsible for the nuclear
import of the entire MCM complex by importin-α. However, we
cannot completely rule out that theMCMprotein family is transported
into the nucleus by other importin proteins, since the binding afﬁnity
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and Supplementary Fig. 3). Although the afﬁnity of MCM2, 3, and 7 for
importin-α2(ΔIBB) is very strong, their bindingmay not be dependent
upon an NLS, since MCM7 does not have any known NLS.
We also examined co-localization of MCM2 and importin-α2
(ΔIBB) in live cells by immunostaining. As shown in Fig. 2D, MCM2 and
importin-α2(ΔIBB) proteins were co-localized in live cells. In contrast,
the degree of co-localization between wild-type importin-α2 and
MCM2 appears to be low (Supplementary Fig. 4). This is consistent
with data from the immunoprecipitation assay (Fig. 2). Since the
truncated importin-α showed substantially increased binding afﬁnity
for MCM2 during apoptosis, our data suggest that caspase-mediated
importin-α cleavage may not only inactivate importin-α, but also
render a new function to importin-α2(ΔIBB).
3.3. Importin-α(ΔIBB) downregulates DNA synthesis by trapping MCM
proteins
We hypothesized that importin-α(ΔIBB) may “trap”MCM proteins
due to their strong binding afﬁnity, which could decrease the
association of MCM proteins with chromatin. To test this hypothesis,
we carried out a fractionation assay to isolate chromatin fractions as
shown in Fig. 3A. Subsequent Western blot analysis showed that
the amount of MCM2 associated with chromatin fractions (F3) wasFig. 3. Importin-α2(ΔIBB) negatively affects DNA synthesis and cell viability — an in vivo stu
chromatin-enriched fractions, respectively. (B) CHO cells transfected with vector alone or
according to the scheme shown in (A). The samples were then analyzed by SDS-PAGE-Wester
in F3 were determined using a QuantiScan version 3.0 (Biosoft), and the relative density valu
CHO cells grown on a coverslip were transfected with either Flag-luciferase (control) or
ﬂuorescein-12-dUTP. Flag-luciferase or Flag-importin-α2(ΔIBB) was visualized by immunos
dUTP into replicating chromosome was visualized using a ﬂuorescein ﬁlter (foci). (E) The rel
CHO cells were transfectedwith either Flag-luciferase or Flag-importin-α2(ΔIBB) construct. A
is compared to the control (Flag-luciferase) as 1.0.2.7-fold lower (100% vs 37%, Fig. 3B and C) in the cells transfected with
an importin-α(ΔIBB) construct than cells transfected with vector
alone (Fig. 3B and C). In contrast, association of PCNA with chromatin
was not affected by importin-α(ΔIBB) (Fig. 3B). We therefore conclude
that MCM2 is an important target of the truncated importin-α(ΔIBB)
protein.
Since MCM proteins are necessary for initiation of DNA replication
and chain elongation, the decrease in MCM proteins on chromatin
could negatively affect DNA synthesis. To test this hypothesis, the rates
of DNA synthesis in CHO cells expressing importin-α(ΔIBB) were
examined. We used ﬂuorescein-12-dUTP labeling to measure DNA
synthesis, since this compound allows one to directly observe
replication foci in live cells without using antibodies [29]. We
conﬁrmed that the sites incorporated with ﬂuorescein-12-dUTP are
co-localized with PCNA, a marker often used to visualize replication
foci (Supplementary Fig. 5). As shown in Fig. 3D and E, 49% of the cells
expressing luciferase (i.e., control) were labeled by ﬂuorescein-12-
dUTP, whereas only 8% of the cells expressing importin-α(ΔIBB) were
labeled. Our data thus demonstrate that the truncated importin-
α(ΔIBB) downregulates DNA synthesis, perhaps by decreasing the
binding of MCM proteins to chromatin (at the origin of DNA
replication).
Since cell proliferation accompanies DNA replication, downregula-
tion of DNA replication would be relevant directly to the decrease indy. (A) A cell fractionation scheme. Fractions F1-F3 are cytoplasmic, nucleoplasmic and
Flag-importin-α2(ΔIBB) constructs were incubated for 24 h, followed by fractionation
n blottingwith antibodies indicated. (C) Densitometric values of theMCM2 bands shown
es of the bands in lanes 5 and 6 were compared to those of PCNA (loading control). (D)
Flag-importin-α2(ΔIBB) construct. At 24 h post-transfection, DNA was labeled with
taining with anti-Flag antibodies (upper panels, Flag). The incorporated ﬂuorescein-12-
ative numbers (%) of replication foci shown in (D) were counted under a microscope. (F)
fter 46 h, cell viability wasmeasured by anMTTassay. The relative number of viable cells
Fig. 4. An in vitro study showed that importin-α2(ΔIBB) negatively affects DNA
synthesis. (A) HeLa cell extracts (Extract) were incubated without (lane 1) or with
different amount of recombinant His-importin-α2(ΔIBB) proteins (lanes 2 and 3, 30 and
60 μg/ml, respectively) for 1 h at room temperature. His-importin-α2(ΔIBB) was then
pulled down bymetal afﬁnity resins, and the bound or unbound proteins to resins were
analyzed by SDS-PAGE-Western blotting. (B) HeLa cell extracts were incubated with
beads alone (lane 1) or biotinylated DNA immobilized on magnetic beads (lanes 2–4) in
the presence or absence of aphidicolin (Aph). Proteins bound to beads were analyzed by
SDS-PAGE-Western blotting. “DNA” denotes biotinylated DNA. (C) Similar experiments
were carried out in the absence (lane 1) or presence of importin-α2(ΔIBB) (lane 2,
30 μg/ml; lane 3, 60 μg/ml). Proteins bound to biotinylated DNA immobilized on beads
were analyzed by SDS-PAGE-Western blotting. (D) Replication reaction using the pEPI-1
template was carried out in the absence (lane 2) or presence of recombinant importin-
α2(ΔIBB) proteins (lanes 3–5, respectively, 8, 30, and 60 μg/ml). The relative values of
DNA synthesis were calculated by quantifying the amount of rhodamine-dUTP
incorporated into DNA using a Multimode Detector DTX880. Buffer, buffer with
rhodamine-dUTP.
Fig. 5. A proposed model: caspase-mediated cleavage of the importin-α IBB domain
downregulates DNA synthesis. (A) Protein nuclear transportation under normal
conditions. (B) The caspase-mediated removing of the IBB domain from importin-α
can prevent the binding of MCM to chromatin during apoptosis, and thus downregulate
DNA synthesis. Presently, it is not knownwhether this regulation occurs throughout the
entire cell or only in particular subcellular compartments.
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MTT assays at 48 h post-transfection of CHO cells with an importin-
α(ΔIBB) construct. As expected, the viability of cells expressing
importin-α(ΔIBB) decreased by 2 fold, compared to cells expressing
luciferase control (Fig. 3F). This data is consistent with the idea that
the truncated importin-α(ΔIBB) downregulates DNA replication by
interrupting the association of MCM proteins with chromatin and
thus, reduce cell proliferation and viability.
3.4. In vitro study showed that importin-α (ΔIBB) downregulates DNA
synthesis by trapping MCM proteins
To further conﬁrm the data generated by in vivo studies (Figs. 2 and
3), we examined in vitro whether MCM2 binds to puriﬁed recombi-
nant importin-α(ΔIBB) proteins. To this end, we incubated puriﬁed
recombinant His-tagged importin-α(ΔIBB) with HeLa cell extracts.
Data obtained from the Ni-NTA pull-down assay demonstrated that
MCM2 was co-precipitated with importin-α(ΔIBB) (Fig. 4A). We then
examined the effects of importin-α(ΔIBB) on the loading of MCM2
onto pEPI-1 plasmid, which contains a known origin of DNA
replication [35]. The in vitro assay was carried out by incubating
plasmid DNA with cell-free extracts in the presence or absence of
aphidicolin as described previously [8]. Plasmid DNAwas labeled with
biotin and immobilized on Streptavidin prior to incubation with cell-
free extracts as described in Section 2. Aphidicolin was used since it
can delay dissociation of MCM proteins from chromatin [3,16]. Wefound that MCM2 was loaded efﬁciently onto plasmid DNA, and the
amount of loaded MCM proteins by aphidicolin increased as expected
(Fig. 4B, lanes 3 and 4). Addition of 30 μg/ml importin-α(ΔIBB) to the
reaction greatly diminished the amount of MCM2 associated with
plasmid DNA (Fig. 4C, lane 2). This data suggests that the truncated
importin-α(ΔIBB) prevents MCM2 from binding to DNA. However, the
truncated importin-α proteins may not mediate the dissociation of
MCM proteins that are already associated with DNA, since adding a
much higher amount of importin-α(ΔIBB) (60 μg/ml) did not further
reduce the amount of MCM2 bound to plasmid DNA (Fig. 4C, lane 3).
Unlike MCM2, the association of ORC2 with plasmid DNA did not
decrease in the presence of recombinant importin-α(ΔIBB).
Since binding of MCM2 to the origin of DNA replication is essential
for DNA replication, data shown in Fig. 4C strongly suggests that
importin-α(ΔIBB) can downregulate DNA synthesis. To test this
hypothesis, we determined the rates of DNA synthesis using the
pEPI-1 template and HeLa cell extracts [1,35]. As expected, pEPI-1 was
efﬁciently replicated under these replication conditions (Fig. 4D, lane
2). The replication efﬁciency, however, gradually decreased as the
concentration of recombinant importin-α(ΔIBB) increased in the
reaction (Fig. 4D, lanes 3–5). This in vitro data is consistent with that
obtained by an in vivo assay (Fig. 3), demonstrating that importin-
α(ΔIBB) downregulates DNA synthesis, perhaps by decreasing the
amount of MCM proteins associated with chromatin at the origin.
In this report, we document the following novel discoveries: (i)
importin-α2, 3, 4 and 5 proteins are cleaved by a caspase during
apoptosis, generating truncated importin-α proteins lacking the IBB
domain; (ii) both in vivo and in vitro studies showed that importin-
α(ΔIBB) interacts strongly with theMCM2 replication licensing factor;
(iii) binding of MCM2 to chromatin decreased by 2.7 fold in the cells
expressing importin-α(ΔIBB); and (iv) in vivo and in vitro studies
showed that importin-α(ΔIBB) signiﬁcantly downregulated DNA
synthesis. In addition, we also found that MCM3 and 7 bound to
wild-type importin-α2. Within the MCM family, only MCM2 and 3
appear to contain putative NLS sequences. Therefore, it was previously
suggested that these two MCM proteins may be responsible for the
nuclear import of the entireMCM complex [21,34]. However, it has not
yet been experimentally demonstrated whether importin-αmediates
the nuclear import of the MCM complex. As discussed in section 3.2,
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importin-α-mediated nuclear import of the MCM complex.
A variety of cellular stress, including UV irradiation, oxidative
stress, and heat shock, induce the accumulation of importin-α in the
nucleus [30]. This implies that nucleocytoplasmic trafﬁcking is
controlled by importin-α regulation when cells undergo stress.
However, it may be important to know whether importin-α is also
regulated by caspases because sustained cellular stress can induce
apoptosis. As expected, our data showed that importin-α is cleaved by
caspases during apoptosis (Fig. 1). Combined with previous ﬁndings
[30], our data suggest that nuclear import may be impaired in two
steps by disabling importin-α function in response to apoptotic stress.
In the ﬁrst step, importin-α may accumulate in the nucleus in early
response to the apoptotic signal, which impairs the nuclear import of
proteins. Perhaps caspase activation is not necessary at this step.
However, a cell must induce apoptosis by activating caspases when
apoptotic stimuli are high enough to surpass a threshold [23].
Therefore, a possible second step could be that importin-α is cleaved
by caspases at a late stage of apoptosis. Taken together, our data clearly
demonstrate that importin-α plays an essential role in the down-
regulation of nuclear transport when a cell responds to apoptotic
stress.
As illustrated in Fig. 5, the cleavage of importin-α by a caspase
results in a gain-of-function for the truncated importin-α(ΔIBB) as it
can trap the MCM licensing factor. Why would importin-α(ΔIBB)
target MCM, but not other replication proteins such as ORC? Although
ORC is essential for deﬁning replication initiation sites, it does not
directly activate replication. In contrast, MCM is essential for the
activation of DNA replication and chain elongation [2,7,15,25,26].
Furthermore, MCM may also be involved in the regulation of other
cellular functions including chromatin remodeling [7] and transcrip-
tional activation [36,39]. Therefore, inactivation of MCM proteins by
caspases through the cleavage of importin-α can be a very effective
way of simultaneously downregulating several energy-expensive
cellular functions. Thus, our data show for the ﬁrst time an important
cellular control mechanism of how a dying cell effectively salvages
limited supplies of cellular energy to ensure orderly demise by
simultaneously downregulating energy-expensive DNA replication,
nucleocytoplasmic transport and other cellular functions. Amazingly,
a cell can achieve this multi-task process by simply cleaving-off a
domain of a key importin protein. Although we mainly studied the
interactions of truncated importin-α and MCM proteins during
apoptosis, this could be an example of many similar control
mechanisms that operate during apoptosis as part of a large-scale,
cell-wide concerted control mechanism.
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